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(a) "Simplified Solution of the Stresses in Snace Frame 
cu ¥ 5 i a Structures" by Lt. C. b. Hayen, CEC, USN. This thesis 
f jacds ow“ discusses the analvsis of snace frame structures by the 

method of “tension coefficients". A sinmlified apnli- 
cation of the method is vresented and two examples are 
nresented to illustrate the apolication. The simmlified 
avolication could be used in the analysis of simple 
soace frame structures, however further research ig 
considered necessary before more complex frames could 
be analyzed by this method. 
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Simee all framed structures have length, bresdth, 
and thickness, ail frames actually are space structures. 
Deeleners are accustomed to treet designs of frames aa 
a group of planar fremes, despite the faci that the 
twisting aetion of an eecentrie or disgonel wind force 
upsn a steol frame producee a problem involving forees 
in space. ‘there cre structures where the entire anelysir 
muet be studied in three dimensions. ‘ftramea pedestels, 
towere with three or more legs, framed domet, «nd bridge 
trussea having a common chord, are exnmple¢ of space frumec. 
she Keees ary commtations are not particularly com- 
plicated, but they are more tediove than those ir volved 
iu the analysis of planar siructures, ethoedsa hare 
been devieed to redvee the tedious work involved in the 
solution of espace frames, The subject of this paper is 
another simvlifieation of the solution of space structures. 
Leterminancy of space structures. Methods for simplified 
spree frame solutions have teen investigated in the lest 

fifteen years by many of the lecuing dosign engineers and 

matbemeticiens. ‘these methods have been derives from work 
@one in lburope during the nineteenth century. ‘first sole 
utions were regular calculations of forces und moments 


at joints in the three plancse. The determinaney of vhe 
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atructure is bssed on the feet that tbe three foree und thre 
moment equations can be used at exch joint which haa 
members in three planes. lach joint with membérs in, 
only one plane will reduce the tetal number of posrible 
@auntione by tro. According to Srinter, these state 
ments give the formule for determining whether or not 
a frame is determinate. “is evuation: 
¥+b-+ Sjep whore r = Humber of reactions 
b = Kumber of bare 
i = Rumber of joints 
p= EBumber of joints 
in whieh sll mem- 
bers lie in one 
planes. 
Spofford's equation for determinaney has a greater 
range for application. If a reaction is eliminated 
hy method of construction either by fixi.g the dir- 
eetion of certain reactions or by eliminating it en- 
tirely, the number of @ vations should be reduced. 
Therefore, if a frame required a eertain number of 
reuzctions for stability and this nomber gives an ine 
dotcrminate structure, eertein reactions are changed 
by eonstruetion to give we determirate structure. 
“pofford's ecustion: 
$j = b + Zr-s where j . EFumber of joints 


yr « Kumber of suppotts 
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Rumber of bares 


Rumber of reactbons 
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The Reaction . Problem. These tow equations seem to tie 
down the possibility of solving a space frame, The 
problem whieh still remins however is to place the 
reactions and ure enongh to make the strreture steble. 
It te evident that in many complex structures, the 
mest @iffieult problem is to place the reaction me 
as to have a stable and daterminate etructure. in 
preparing thie paper, the placing ef reactione for the 
various Llluctretive problems presented the greatest 
aifiieulty. This wae met in some cases by steting 
sonditions which would limit the number of reactionste 
The reason for etating conditions wili be farther 
Biseunesod for eech problem. 
Method of Tension Comfficionts., 4 method of tension 
coofficieute zac decised by Professer Re Ve Southwell 
of Oxford whieh simplifies tke straight computations 
involved when whe six equations are written at éaen 
jointe Thie method e111 be explained briefly becaure 
the aubject of thin paper ie a moditicetion of the 
method of tension coofficients. 
In this methed, the trees in a bar equale the 

prodvet of the length of the member sua the tencion 
eoefficiont f= tl. Aseume & bar 4B in o space frome 


ané eearrying a teneile fores of Fape If Lap is the 
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length, the force on the bar is equel to aap: tp at 
If the eoordinetes in space of pointe A and B are 


respectively Xo Vy %, and Xpo Vyo Bs then the eonme 


ponent of T api the Z direction in bar AB equals 


T pl ary). If this component ir divided by L.., then 


it equals t , (sy) Also 


Tap 'Tp J, ! 
L > 
AB 
and Pin! 47%, ) = ; 
ae = 


se 


ee Oe 


Components along 3, V, and % axes at B are: 

4% 8 ! 

ban 5 Fy! 

Gf Bm ) 
which are equal in magnitude hut opposite in sign to 
those at Ao At any joint the eummetion of the tension 
coefficients times the projections on the axis pins 
external forces is equal to zere along each axie. 
Sinee all members sre assumed to kave tension, tension 
eoffieliente with poritive signs are in tension, and 
those with negutive signs are in ecompreesian. 
Object The method of tension coeffieients can be 
further simplifiod inte a system of prejection ratio 
multiples, The object of this paper ia to develop the 










oh om ~~ -—, 

— ——— — -— —s Oo es 9 
o—<- , ott ate ee Se fe oe ' 
ot inane te es emma ay i 

— — cama ie — «= sim a pa 

- illite Calin yy % iy a waa a 
MN thin? & 4) te db ee wee a G 


theory and eyplunetion of this mothod. 

Comparison. ‘this sinplified eslution ie similer to 

the use of intex numbers in plinar structurer. ‘be 
soSimtion is very simple for simpls frames; bhonever for 
complex frames, the solation is &ti111 eomplex, Cn 
comparivon with other nethods, it gives a sinpler sol- 
utions for the sinapiex frames investigated; however 

it i¢ probable that some problems could be solved easier 
by other methods. ‘This could only be shown by com- 


parieon with every type nd therefore is beyond the 


scope of this pepere 
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THF SILPLISIFL SOMTIon 


The method of tendion coefficients ean be mode 
ifies to a exyatem simiier to inéex nembere in plan 7 
trum Gee These numbers @111 be ealled ht nmumberwe in 
thie paper. The ht number in each ber will be voogitive 
if teneiie utrespe ang weeeative if eomprescive stress. 
fae stress in the member will be s prodmet of the ht 
number amd the Length of the member Gilvideé hy tha 
term he “he term h is ithe key to this simplifies 
folution; therefore it mict be underetsod that the 
distvariee h is before the problem esn he solved by 
this method. in tenelon coeffivients method, the sol- 
ution is started at a joint whier has an oxternal load. 
there are one or more mambere vhich take this externs] 
lLos@ out of the joint. if the lssad is perzilel te one 
of the axes ehowen, the distance bh is the @ietance from 
the {iret joint solved to the next joint on a line 
parallel to the load. The distance h for other dire 
eetionws of loading will be teken up in a lster probe 
dem and & geonernl cefinition of bh will be given in tke 
BURMALY « 

Proof of equation: 

Strese = ht *¢ 


The proof of this ecuatiou can be made by taking 
& Simple joint of a space frame and applying tke 
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method of tension csefficicnts,. 

In the fellowing truse, the loed of unity acts 
parallel to one axis and acts on a member connec ving 
two eupporte. This is, of course, a especial Loading 
and for the r& ections shown vould not be stable under 


any other loading. It will bo a good Gxumple, however, 


to explain the derivation of thie method +f solntione 


ne 













a! Zee 
_~) 3th. Shee Ch 

ee ee) ea ee a © To.) 2 

a <li «co wie Se anes eo ws 
Ts wieas * . oe ee 4 oe on > me : 
“— - Ve a se es fe 
or en me on es alee a ee 
ee & =e ah & ia oe es 





In the proof, instead of writing t. (%,-%) » 
the term will be ty, Any with the proper sign on 
the projeotisu dpi 


Solving for joint z. 
In the & éireetion;: 
BezhaEyy) + Seeay!“Tp-aa? = © 
In the Y direction; 
In the 2 direction: 


tea! -45.42) + 2/3 = 0 


“inee joint 2 is the origin of the solution, the 
member &£-li projeeved into the plane of the force 


gives the distance h,- ‘this projection equels 49.13 = b 


“herefore: 


be 41 


Sei = ~ *e2a2 


Agy 
“e-~ "ek .. 
2/Z 
Yo4 


-inee every umomber solved at this joint kas some 
coustant over h and cvery member to b solved depenas 


upon these first three members, it can be seen tht 
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the tension coefficient of every momber in the 
etructure will be a conetent over he therefore, 
let all tension eorfficients be multiplied by bh. 
this #&ivos; 
bt. 4, = 2/3 
Ate) = ~#e.11 
— 


c. 


(¢ ‘ fr 
b- ad 


Rte, = ~Fp.13 


' —+_— (2/3) 
A: 

The hkt's now eyual a patio of projeetions times 
the reeetion (2/3). The ratic is the projeetion of 
the ksown to the projection of the unkrown. 

in this truss the projections ratios of ail mem- 
bers will be 1/1, 1/2, or 2/1. hie will not be the 
case in all atructures of cvurrse but sinee espace frames 


usually have some cymmetry, the retios sare easily det- 


To go back to the ovuations: 


She X projeetion ratic - 5 - ~1 
LO a 


the ¥ projection ratios 8.5 = “3 


4 


Therefore: 
ht., - -1/8 
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S9ivtion of Joint lL: 


In the A directions 


tye! %ye) + tyelZye) + t2-aa!41-31! 
in the ¥ direction: 


l 
© 


tac(Ygnd + tyyl¥ag) + bya Tua! 
In the % @ireetion: 


1 
© 


Prom joint 2, tyo= - Le 
Therefore: 
ti4- *ie 
7 (2/3) - ix 1/6 = Kah 
a PA) - 2742 
“z= "14 jays) . -1 21/8 « -1/3 
ov MP - Ee 
And, 
bt,, = 1/2 


4: * 
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fhe solution of bt'ts thee derived is ae tealous 
as the tension coefficlente; however using the fon 
ruler atated, and selviag the projection ratiss 
mentally, the selution ie mede on sight for all ht's 
of the truse, In order to desunstrate, the jointe 
and members of the whole truss Will be eslved in 


steps, and an ezplination will be mage of each step. 


Joint 2: 
Y~% Plane | Z-Y plane 
¥ $j 
Cpe — ~~ ee 
5 x bel aa 
n a A ry: ae) } 
Fr; N Pa ™ | 
L q J —_ i, 
Se 2 ‘ a oer a ee a 
4 | Zz 
i eee 


# 4 


From You Plane: 
bt, 4) - 2/3 + the projeetion ratic 1s 1/1 wher 





los& lies pserellel to one of tho axles 
hte, = «1/3 - the projection of the known, £11 to 
the unknown £4 fe 1/2. 1/2 x &/% = 1/2. 
fhe minus sien showe the compression 
neeese.ry to take the tension of 2-11 
From i-¥ Plane: 
hto, = 1/2 - the projection of the known, 4-11, to 
the unknown 21 is 1/2. i/£ x the 
known hte.,) whieh is 2/3 = Se 


homboer is in compressione 
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Joint ls 
Y-Z Plane x~-Y Plane 
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From Yi Plana; 

bt, _4, = G = ne reaeticon or lone 

rom X-Y Plane: 

ht,, = 1/3 » the projeciion of the known 12, to the 

| projection of the unknown, 14, is 1/1. 
1/1 x the known ht which is 1/3 = 1/5. 


ht, = ~1/3 = the projection of the known, 14, to the 
projection of the unknown, 15, le 1/1. 
1/1 x the known kt which is 1/3 = 1/Te 
tember is in compressi_n. 
Joint Lis 
Yez Plane  =Se¥ Plans 
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From Y-Z Plane; 
ht),_3 = 0 = the stress in member llel ie Go 
Bt, ,_4 = 72/3 = the projection of the known, l1l-£, to 
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the projection of the unknown, 11-4, ie 
1/1. 1/1 =x the known which is 2/83 =2/3. 


Kember is in compression. 


From 4-Y Plane: 


hty4-10 —_ 2/E - projection known, 11-2 a i 
pro decee unknown, Lil=LO Pa 
rojection known, 1ll-4 _ 

eae unknown, Lli-lO ” @ 


Both members act in same direction; theee- 


fore, 1/2 x £/53* 1/2 x 2/t = 2/8. 





Joint 3; 
Y¥-2 Plane A-¥ Plane 

A ___ Ae 

i ae 4 
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From Y-Z Plane; 

Kts.j9 = O- bts OF” 

From X-¥ Plene: ‘ 

hte, = 0 - only member at the point which does not lie 


in plane with other mombert. 


bine = -1/3 - projection mown, 31 1 
pee dee ren unknown, o5 iL 
1/1 x 1/3 = 1/3. 


Member is in compression. 
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Y-Z Plane X-Y Plane 
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Ht, 410 . ~1/3 ~ projection ratio.= 1/1. Enowns act 
in opposite directions: therefre 
1 =~ 2/3 = 1/8. 
Kiember is in compression. 


From k-Y¥ Plane: In X direction: 


ht,, = 1/6 = pez jcetion 4-11 .} 
projeciion 45_ é 
rojection 4-10. 1 
projection 4 ze 
projection in —- 
projection 4 1 


1/2 x 2/3+ 1/2 x 1/5 - 1/1 « 1/3 =1/é. 
in Y Direction; 


ht,, = 1/5 + projection 42 _ 1 
bi preqeen en 46~ 1 
pro poe 4—li- 1 
pro jection 4 
ojoction 45_ 1 
prodeesion re i 
Broseeton =i 
projection & 
rojection 41-i 
BAe ticn 46 °° «OL 
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Wi xi/B+ fe x 2/8 +1/1 x 1/6 - 1/2 x 1/8 
-1/ls1/> 1/8 


Joint 10: 
YeZ Plene Z-¥Y Plane 
V4. C Z an 








Fa ee Ne —— —o 
fj (G 9 
From Ye! Plane: 


Btyo-g = 0 ~ Btio.g = 0 


h - 1/3 = projection 10-4 _ 1 
“10-6 pre seater tet LT 
1/1 x 1/8 = 1/3. 


From i-¥Y Pisne: 


bti5.9 = 1/5 - projection 10-11 . 


projection 10% 


Bro soot son 10-4 . 

projection LoO-¥% 
rojection ts Ee 
rs oe J 


U/l x 2/2 - 1/2 x 1/3 - 1/2 # 1/3 =1/3. 
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voint 5; 
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From Y-£ Plane: 











e/ VJ | P-7 Peele we bey | ; 
vr Trsue- | 
a ae 


as 7 
> 
: 2a 
. “ ‘a we > 
a - >> lili 


sods ~T a’ 

= alt - 8 opal 

p> Eat — Y= haet 
JT. Si 

= 

+- Meenas = 12 - 


t> A a 
? 





=) 


Sh HPS 


77> "werd + tic eo OLE Mee OS 








wo 


> . 7 
Te — —— 
«* ° * 
’  —<— -- -_ 
“> e - 
” - » 
— ~ ~~ 


From 4-¥ Plane: In X direetion: 

bt.. = -L/&6 = projection 54 ~ 1 
projection 56 1 
1/1 x 1/6 =1/6. 
kember is in com ression 


in Y¥ direetion: 

btee = ~1/6 - projection 53 ~ 1 
SS ROTES By =o 
rojection 54 ~.i 
proieeee oy)hCUk 


1/1 x 1/5 ~- 1/1 x 1/6 = 1/6. 
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From YZ Plane; 


ht... = -1/3 - projeetisn 6-10 -1 
6% Broqeeron 69 T 
1/1 x 1/2 = 1/3. 


Homber is in compression. 
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From X-Y Flane; in X direction: 





ht... = 1/6 - projection 65 ~ 1 
projection 6 T 
pro ieee 65 ~ i 
projection € 2 


rojeetion 6-16 ~ 1 
peoseee 6% & 
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x @irection, a-¥ Plano eontinueds 
1/1 x 1/é +1/2 x 1/83 - 1/2 x 1/6 =1/6 
In Y¥ direetion; 


ht og = 1/6 - projection 64 
projection 


SSR SEE 67 _ 
projection 6 
Se ae G9 _ 
projection 6 
RET en Gi — 
pro jection 68 
WYixi/e+i/l x 1/é - 1/2 x 1/3 
- 1/2 x 1/2 = 1/6 


hiember is in compression 
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From Y-Z Plane; 

Rton = @ « htop — 0 

htog = 1/3 = projection 96 .1 
i 


projection 98 
1/1 x 1/3 = 1/3. 
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From te¥ Plane: 


hty, = 91/6 ~ projestion 76 — 1 
- BEd 2u "Ss TT 


1/i x 1/6 = 1/Ge 





Kember is in compression. 
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Length (1L) 
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CANTILEVER TRUSE 
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Cantilevor trurs. 

The solution of this truss wis eterted at joint c 
inetead of et ome of the reactions. The dirgtance h 
is equal to 5ec feet since the distance from joint z 
to joint 9 perallel to the loed line is 5.2 feet, 
cSinee the truss does not have a econetant vertical cross 
geetion, the vertical reactions are not direct sums 
of the vertical projections sf tre ht numbers. To 
explain the reason for this, suppose that the sol- 
ution Bad started at reaction point 5. First, it 
would have ween necessary to salve for tbe reactions 
then the regaulaz solution could have been etarted. 
fhe h distance for this solution would be the vertical 
@epth of the truss at the reactions. If the solution 
is etarted at joint 2, therefore, the vortieal reactions 


at 6 und 6 would be: 


vertical depth trues at resections © en of Bt atmmers. 


The solution of this cantilever followe. 
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Summary table: 


Kenmber 


Length (L) 
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Vertical reactions at each svpport 


Vertical height ® 20° 





Pedestal. 

With this type loading, there is no way of pick- 
ing the distance h from any of the rules given pre- 
viously. If the solution is started at joint 1, the 
load can be split into “2 acting ver tically, i/2 in 
the X direction, and 1/2 in the Y direetion. ‘Suppose 
thet the solution is started at one of the reaction 
joints. The distance h would then be <0 feet. Using 


this distance for h, the ht numbers of seach member at 


each joint would be multiplied by projection of member 


to set up the foree balance e vetions at the joint if 
the solution were started at a loaded joint, such as 
joint l. 
For example, the equations at joint 1 will be: 
in the Z direction: 
V2 
In the Y direction; 
$= 8/20 ht. - 8/20 hty,, * 10/20 ht,, 


Bty 2 ~ Oty ye 


in the X direction: 
# = 8/20 ht,,,+ 18/20 ht,,, - 10/20 ht,, 
This is the reverse of the procedure used in the 
former problem when the vertical reactions were det- 
ermined. 


The solution for the pedestal follows. 
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Gummary tuble: 


Kember Length (L) ht number 


le 10 29435 
11’ ae 1627 
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oURMARY 


The eimplified method is a system similar ‘to 

index numbers in plsnar trueses. These numbere 

are enlled ht numbers in this papers 

The ht numbers are multiplied by) Length to give 
the stress in the members. 

The h distance is the distance from the first joint 
solved to the next joint on a Line parallel to 

the loed line, unless the load line ie not parallel 
to ome of ibe axes. In that case, the distance 

h ie the vertical distence from the first joint 
solved to the next joint end the ht numbers mutt 


he multiplied by vue ratio length of member when 


the force balance equations are set up at the joints. 
Qeactions sre sume of bt number projections unless 
erogs seetions parallel to h have changed. In that 
case, the ht number projections are miltiplied by 


Grose section distance parailel to he 
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CONC LUS IONS 


the author of thie paper hes compared t is 
method with several simplified solutions and in the 
problems solved, this sslntion has been the siapler. 
It is admittod that the solwtion has rules which are 
cumbereome to handle; hovevor, if a pecton Fes sev- 
ersl epsee fremes to solve, it would be beneficial te 
investigete with this method. Thie method would 
be especially advantageove if evoiving for inflvence 
lines for three chord bridgc trusses. It was hoped 
that it could be used for solving the bar ring stresses 
in the Sehwedlor dome, but the addition of stresses 
around the ring covld not be bandle@. ‘ike dome etlrue-~ 
ture itself is eesily solvec ty the method expluined 

in thie paper. | 
Further research of ‘hie subject may bring further 


Simplifications. 
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